Pathological interplay between the heart and kidneys-also known as cardio-renal syndrome (CRS)-is frequently encountered in heart failure and is linked to worse prognosis and quality of life. Drug therapies for this complex situation may include nitroprusside or the recombinant B-type natriuretic peptide nesiritide for patients with acute CRS with normal or high blood pressure, and inotropes or inodilators for patients with acute CRS with low blood pressure. Clinical data for a renal-protective action of levosimendan are suggestive, and meta-analysis data obtained in a range of low-output states are consistent with a levosimendan-induced benefit. Evidence of favourable organ-specific effects of levosimendan, including pre-glomerular vasodilation and increased renal artery diameter and renal blood flow, were collected both in preclinical and clinical studies. Larger randomized controlled trials are however needed to confirm the renal effects of levosimendan in various clinical settings.
Introduction
Renal dysfunction is a frequent comorbidity in heart failure (HF) and is linked to worse prognosis and quality of life. 1 Five types of cardio-renal syndrome (CRS) with distinct pathophysiologies and clinical presentations were identified by Ronco et al. in 2008 . 2 In their words, 'CRS can be generally defined as a pathophysiologic disorder of the heart and kidneys whereby acute or chronic dysfunction of one organ may induce acute or chronic dysfunction of the other.' This statement is recognition that the concept of CRS indicates a pathological relationship between cardiovascular system and renal function in which either the heart or kidney may be the prime mover of a pathological state. Nevertheless, the two forms of CRS most widely encountered in HF are Types 1 and 2, in which the heart may be regarded as the precipitant or initiating organ ( Table 1) . About 30% of patients with acute de novo HF show worsening of renal function when treated (Type 1 CRS) and some 60% with decompensated HF exhibit reduced (<60 mL/min/1.73 m 2 ) glomerular filtration rate (GFR) indicative of Type 2 CRS. In both cases, the impairment of renal function is an independent predictor of worse prognosis, including hospitalization for HF, [3] [4] [5] and, in the case of chronic HF (i.e. Type 2 CRS), that influence is seen in patients with both preserved and reduced left ventricular ejection fraction (LVEF). 6 In Type 1 CRS, the extent of renal impairment is a function of the severity of LVEF reduction. 7 Risk factors for Type 2 CRS include hypertension, diabetes, atherosclerosis, and older age. The mechanisms that lead to kidney damage in both these types of CRS are numerous and often complex. They include hypoperfusion, renal venous congestion, interstitial fibrosis, tubular damage and nephron loss caused by neurohormonal activation. 8 The exact contribution of each process is likely to vary according to the particular circumstances of individual patients. Inter alia, it should be noted that a range of drugs and other substances (e.g. nonsteroidal anti-inflammatory drugs, contrast media) may contribute to the development of renal impairment ( Figure 1) . Nevertheless, some general pathophysiological principles may be identified which, in turn, suggest a wide range of interventions to protect kidney function.
Neurohormonal activity
Modulation of neuroendocrine activity is a major goal in the management of HF, with angiotensin-converting enzyme (ACE) inhibitors and angiotensin-receptor blockers (ARBs) among the primary agents for that purpose. However, those agents can also inhibit the autoregulation of glomerular blood flow leading to increased renal blood flow and, in some patients, to a reduction in GFR, a situation referred to as 'pseudo-worsening renal function'. 9 This effect is perhaps more pronounced at high doses and when intensive diuretic treatment is also being used 10 but at least one large recent investigation in patients broadly approximating to a Type 2 CRS population found no evidence of a contribution of ACE inhibitor dosage to progression of chronic kidney disease. 11 The scale of this potential hazard should be kept in proportion, particularly in Type 2 CRS, where the exceptional favourable effects of ACE inhibitors and ARBs on long-term survival and morbidity are a decisive consideration. 12 In acute HF situations akin to Type 1 CRS, frequent measurement of renal function (blood urea, creatinine) and electrolytes is recommended 12 and a case can be made for similar, although perhaps less intensive, monitoring in situations of chronic HF.
11
One recent development in this area is the emergence of the dual ARB/neprilysin inhibitor LCZ696 (sacubitril- Chronic primary renal disease that may result in the course of time in chronic heart damage Type 5
Cardiac dysfunction in conjunction with renal dysfunction due to a chronic systemic disease From Ronco et al.
2 Figure 1 A range of drugs may be implicated in the development of cardio-renal syndrome. See text for further discussion. NSAID, non-steroidal antiinflammatory drug; ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin-receptor blocker; AVP, arginine vasopressin.
valsartan). 13, 14 Further research is needed to define the place of this agent.
Tolvaptan, a vasopressin inhibitor that reduces the reabsorption of free water, showed some beneficial shortterm effects on weight, dyspnoea and oedema when given orally in the Efficacy of Vasopressin Antagonism in Heart Failure Outcome Study with Tolvaptan (EVEREST) trial but there was no evidence of significant benefits on cardiovascular death or hospitalization among 4133 patients with acute decompensated HF followed for 2 years. 15 However, a subgroup analysis has confirmed that the benefits of improved symptoms, reduced body weight and increased serum sodium were attained in patients with hypotension and renal impairment. 16 More recently, a series of investigations in patients with acute decompensated HF have reported that tolvaptan added to conventional therapy was more effective than conventional therapy alone in preventing deterioration of renal function in a population of high-risk patients with acute decompensated HF. [17] [18] [19] Acute CRS with congestion Despite their unquestioned utility for relief of congestion, loop diuretics may also precipitate acute kidney injury and Type 1 CRS in at-risk patients. Development of diuretic resistance via extra-renal mechanisms, such as reduction in levels of natriuretic peptides and activation of the sympathetic nervous system and renin-angiotensin system, and intra-renal mechanisms, such as increased tubular reabsorption of sodium and reductions in renal blood flow and GFR, is also a consideration.
Ultrafiltration has been advanced as a therapeutic approach for patients who already have, or are at risk of developing, diuretic resistance. In practice, however, the results of the Ultrafiltration Versus Intravenous (IV) Diuretics for Patients Hospitalized for Acute Decompensated Heart Failure (UNLOAD) and Rescue Study in Acute Decompensated Heart Failure (CARRESS-HF) trials offer little tangible support for this method, either in terms of its effects on renal function or its impact on larger prognostic criteria. 20, 21 It may be argued, however, that, at least in the short term, the benefits from relief of congestion outweigh longer-term considerations.
Diuretic resistance may arise from other physiological causes, which require specific therapeutic responses. It may be noted in passing that use of inotropes or vasodilators to increase the effective circulatory volume may be beneficial in cases where diuretic resistance is secondary to poor renal perfusion.
Acute CRS with normal or high blood pressure
High blood pressure is a frequent finding in acutely decompensated HF 22 and calls for consideration of vasodilatation to unload the heart. The value of long-established agents such as nitroprusside and nitroglycerine should not be overlooked in this situation. In many cases, the improvement in cardiac output achieved through dilatation of the arterial circulation amply compensates for any fall in blood pressure, while venodilatation relieves congestion. 23 The possibility of switching from intravenous vasodilator therapy to an oral regimen and maintaining the cardiac and haemodynamic effects while down-titrating dosage is a practical clinical consideration. 24 Nesiritide is a recombinant B-type natriuretic peptide approved for the management of acute decompensated HF. Essentially a vasodilator in this context, nesiritide may be applicable to the treatment of patients in whom decompensated HF is characterized by neurohormonal activation and reduced EF and who have normal or relatively elevated systolic blood pressure (>110 mmHg).
Nesiritide produces modest improvements in dyspnoea and there is evidence for a renal-protective effect from small trials of a low-dose schedule (0.005 mg/kg/min without bolus). 25, 26 However, support for such an effect was not forthcoming from the Acute Study of Clinical Effectiveness of Nesiritide in Decompensated Heart Failure (ASCEND-HF) trial, which evaluated normal-dose nesiritide in addition to standard care including diuretics. 27, 28 The Renal Optimization Strategies Evaluation (ROSE) study revisited a low-dose nesiritide intervention (0.005 mg/kg/min over 72 h) in addition to standard therapy in patients with acute decompensated HF and kidney dysfunction and recorded no additional benefit on congestion or renal function. 29 (There were trends towards lower serum cystatin C levels and improved urinary output in patients who had low EF or low systolic blood pressure. 29 ) Meta-analyses of clinical experience with nesiritide performed in 2005 and again in 2016 identified either a significantly increased risk of worsening renal function 30 or no obvious renal-protective benefit and some cardiovascular hazards (hypotension, bradycardia). 31 
Acute CRS with low blood pressure
When acute CRS presents in the context of low blood pressure, use of inotropes or inodilators may be appropriate to restore or preserve renal function by improving cardiac performance and hence renal perfusion. Options for this purpose include adrenergic (beta) agonists (e.g. dobutamine), phosphodiesterase inhibitors (e.g. milrinone) and calcium sensitizers (e.g. levosimendan). Reference must also be made to a recent retrospective analysis from the Digitalis Investigation Group (DIG) which reported that treatment with digoxin was associated with long-term improvement in kidney function, and that the overall effect of digoxin therapy in reducing death and hospitalizations was most pronounced among those patients exhibiting this favourable renal response. 32 Use of low-dose dopamine with low-dose intravenous furosemide has been reported to be associated with lower rates of worsening renal function and electrolyte disturbances than high-dose intravenous furosemide alone in the Dopamine in Acute Decompensated Heart Failure (DAD-HF) trial. 33 Worsening renal failure was more frequent with high-dose furosemide than with combination treatment (9 vs. 2 cases; P ¼ 0.042) but substantial clinical endpoints (length of stay, 60-day mortality, re-hospitalization rates) were comparable in both groups. 33 A similar disjunction between short-term renal outcomes and longer-term clinical effects has previously been reported from a metaanalysis of the effects of low-dose dopamine in >3300 patients at risk of acute renal failure. 34 The ROSE trial, which involved 360 hospitalized patients with acute HF, could not demonstrate any improvements in decongestion or renal function when low-dose dopamine was added to standard diuretic therapy. 29 Such data illustrate a general concern that use of conventional inotropes may worsen long-term prognosis, perhaps through adverse effects on the energy economy of at-risk tissues and organs subject to ischaemia. 35, 36 Levosimendan, an inodilator that enhances cardiac contractility and also has vasodilator and ischaemia-protective effects, exerted via opening of glibenclamide-sensitive cellular and mitochondrial calcium-adenosine triphosphate (ATP) channels, may represent an important alternative therapy in this setting. Evidence for a renal-protective action of levosimendan in preclinical experiments is persuasive but the clinical dataset supporting a renal-protective effect rests on a limited number of studies, many of them small and sometimes characterized by methodological limitations, 37 and their results acquire significance only when pooled in meta-analyses. 38 However, the findings of those meta-analyses and related investigations are suggestive of a renal-protective effect of levosimendan in a range of low-output states. Thus, Rafouli-Stergiou et al. 39 have reported theoretically favourable effects on a range of markers of kidney function in patients with acutely decompensated HF and renal impairment, while metaanalyses in critical illness settings, 40 in cardiac surgery 41 and in heart transplantation 42 have all produced findings indicative of a renal-protective effect of levosimendan.
Several lines of evidence suggest that any renalprotective effect of levosimendan is exerted at least in part via organ-specific effects, including pre-glomerular vasodilation and increased renal artery diameter and renal blood flow, without compromising renal oxygenation; 43, 44 signs of improved renal function are apparent before increases in cardiac index or left ventricular performance. 43, 45 This would be consistent with the observation in the Levosimendan Infusion versus Dobutamine (LIDO) trial, 46 in which levosimendan was compared with dobutamine in severe low-output HF. In LIDO, dobutamine increased cardiac index and urine output but did not improve GFR, whereas levosimendan did. Also of note in this context is the observation of qualitative differences in the renal effects of levosimendan and dobutamine; 47 the authors of that study suggested that the difference between the two drugs may be that the capacity of levosimendan to promote arterial and venous vasodilation through activation of ATP-sensitive potassium channels contributes to a lessening of central venous pressure, a property not shared by dobutamine and one that may be an important influence on GFR in some patients. A protective effect against kidney ischaemia/ reperfusion injuries was also shown. 48 These data are all suggestive of a renal-protective effect of levosimendan. Larger randomized controlled trials to evaluate possible renal effects of levosimendan in different clinical settings are, however, required. Pending the completion of such studies, levosimendan should be dosed according to published guidance and established principles, especially with regard to the presumption against use of initial bolus doses. Caution should always be exercised in patients with intrinsic kidney failure.
Drugs providing local renal protection
This category of interventions includes adenosine antagonists, exemplified by rolofylline. In theory, these inhibit the reductions in renal blood flow and GFR and the increased reabsorption of sodium and water that follow stimulation of renal adenosine A1 receptors by endogenous adenosine. Initial investigations were encouraging but the PlaceboControlled Randomized Study of the Selective A1 Adenosine Receptor Antagonist Rolofylline for Patients Hospitalized with Acute Decompensated Heart Failure and Volume Overload to Assess Treatment Effect on Congestion and Renal Function (PROTECT) trial tested the effects of rolofylline as a renal-protective strategy in 2033 patients with acute HF and the results indicated no beneficial effect of rolofylline in this setting. 49 Later subgroup analysis identified the possibility of a mortality benefit in subgroups of initially high-risk patients but that was offset by an increased mortality risk in lower-risk patients 50 and will require further investigation.
Empagliflozin is a selective inhibitor of the sodiumglucose co-transporter in the proximal tubule and increases urinary excretion of sodium and glucose. That mechanism has been exploited to reduce rates of hyperglycaemia in patients with type 2 diabetes and has been shown in the Empagliflozin Cardiovascular Outcome Event Trial in Type 2 Diabetes Mellitus Patients (EMPA-REG OUTCOME) study to improve survival and reduce the likelihood of hospitalization for HF in patients with type 2 diabetes at high risk for cardiovascular events. 51 The incidences of acute renal failure and acute kidney injury were also reduced significantly, although the absolute percentage reductions were small (0.6-1.4%). The applicability of this therapy to nondiabetic patients remains to be evaluated.
Also noteworthy in this category of candidate therapies is serelaxin (recombinant human relaxin-2 vasoactive peptide). In the Relaxin in Acute Heart Failure (RELAX-AHF) trial, which involved 1100 patients with acute HF plus dyspnoea, congestion, mild-to-moderate renal insufficiency and systolic blood pressure >125 mmHg, intravenous infusion of 30 mg/kg/day serelaxin for 48 h was associated with a significant early improvement in dyspnoea by visual analogue scale (but not by Likert scale) and, strikingly, by a significant reduction in 180-day mortality (although not with significant reductions in readmission to hospital for HF or renal failure). therapeutic choices. Moreover, the situation is one in which pathophysiology varies markedly between different patients. Identifying the underlying processes of kidney dysfunction is essential to successful management. We concur with Verbrugge et al. 24 about volume status as a principal triaging indicator and with their identification of six factors proceeding from that initial staging, namely: accurate assessment of volume status; aggressive treatment of volume overload; avoidance of arterial hypotension and intravascular underfilling; removal of fluid accumulation in third spaces; increasing the effective circulatory volume; and optimization of renal perfusion.
Inotropes may be indicated for short-term management of acute HF with renal dysfunction, mostly in cases of lowoutput HF that can provoke renal hypoperfusion. Parenterally administered inodilators are underutilized, especially in 'wet' patients (those with preserved or low blood pressure) who do not respond to diuretics (Figure 2) .
